Susceptibility to Mycobacterium bovis Bacille Calmette-Gué rin (BCG) is genetically controlled by Nramp1 (Slc11a1). Inbred mouse strains harbor either the resistance (Nramp1 G169 ) or the susceptibility (Nramp1 D169 ) allele at Nramp1. Mus spretus (Nramp1
Introduction
Tuberculosis is a very severe disease that causes an estimated 1.7 million death annually. Although a large number of individuals are infected by the tuberculosis bacillus, Mycobacterium tuberculosis, only a small fraction goes on to develop active pulmonary disease. A complex combination of environmental factors, microbial virulence determinants and host genetic make-up is thought to determine the outcome of infection.
1,2 M. tuberculosis is an intracellular pathogen that can survive for years inside macrophages. Although vigorous and sustained innate and acquired immune responses are required to contain M. tuberculosis, these mechanisms sometimes fail leading to active disease. 3 We have used a genetic approach in a mouse model of infection with the attenuated Mycobacterium bovis strain Bacille Calmette-Guérin (or BCG) to identify host genes and proteins that play a key role in host response to mycobacterial infections. In inbred strains, low intravenous dose of M. bovis (BCG) infection (2 Â 10 4 bacteria/ mouse) is bi-phasic with an early phase of active replication in the spleen that peaks at B3 weeks, followed by a curative phase of immune-mediated eradication of the bacteria. 4 The early phase is under genetic control of the Nramp1 (Slc11a1) gene on chromosome 1.
5 Nramp1 is a membrane phosphoglycoprotein expressed exclusively in macrophages and in neutrophils 6, 7 that functions as a pH-dependent divalent cation (Mn 2 þ , Fe 2 þ ) efflux pump at the phagosomal membrane.
8
Nramp1 protein affects the ability of the macrophage and neutrophils to limit replication of intracellular pathogens 7 by restricting the availability of nutritional metals to bacteria and parasites contained in phagosomes. 8 In inbred mouse strains, susceptibility to infection is caused by a Gly to Asp substitution (G169D) in predicted transmembrane domain 4 (TM4) 9 which prevents proper maturation or membrane integration of the protein. 10 Importantly, polymorphic variants at Nramp1 affect susceptibility to tuberculosis and leprosy in humans, 11, 12 validating the use of mouse models to discover human susceptibility determinants in this disease group. The late, curative phase of M. bovis (BCG) infection is also under genetic control, but the genetic effect in this phase is complex and poorly characterized. Recently, we have shown that a mutation (R294C) in the transcription factor Icsbp1/IRF-8 of BXH-2 mice modulates the Nramp1 effect in the early phase of infection, and impairs adaptive immune response in the late phase of infection. 13 Mus spretus is a wild-derived inbred strain that is phylogenetically distant from Mus musculus from which common inbred strains are derived.
14 The evolutionary distance and associated genetic diversity separating wild-derived mice, like M. spretus, and M. musculus are advantageous to identify novel gene effects in crosses derived from the two strains. This strategy has been used to map novel loci regulating complex traits such as susceptibility to infection with Salmonella typhimurium 15 and Plasmodium berghei. 16, 17 In the present study, we show that despite presence of fixed Nramp1 G169 resistance allele, M. spretus (SPRET/EiJ) is quite susceptible to low dose infection with M. bovis (BCG). We have used informative crosses to map novel loci modulating Nramp1-mediated resistance to this infection.
Results and discussion
In inbred strains of mice, the extent of replication of Mycobacterium bovis (BCG) in the spleen during the first 3 weeks of infection is determined by resistance (Nramp1 G169 ) or susceptibility (Nramp1 D169 ) alleles at the Nramp1 locus. 9 Groups of M. spretus (SPRET/EiJ) mice together with groups of susceptible BALB/cJ (Nramp1 D169 ) and resistant A/J (Nramp1 G169 ) controls were phenotyped for susceptibility to M. bovis (BCG) infection. Two additional strains were included in these experiments: B10.A which is a C57BL10/J strain congenic for the H2 a haplotype from A/J, and N12 which is a C57BL/6J strain onto which the resistance-associated Nramp1 G169 allele of A/J has been introgressed for 12 generations. These mice were infected intravenously with a low dose of M. bovis (BCG; strain Montreal) (2 Â 10 4 CFU (colony-forming units)) and the extent of bacterial replication in the spleen was determined 3 weeks later ( Figure 1a) . Results from these experiments show that both BALB/c (logCFU B5.7) and B10.A mice (logCFU B5.8) are susceptible to infection, whereas A/J (logCFU B3.4) and N12 mice (logCFU B3.9) are resistant. SPRET/EiJ mice (logCFU B4.8) show an intermediate level of permissiveness to BCG replication which is superior to that of N12 (P-value o0.0001) and A/J (P-value o0.0001) controls ( Figure 1a ). As we have previously reported, 4 there was a strong correlation between the extent of BCG replication at the peak of infection and splenomegaly, a normal response to infection; Splenomegaly (spleen index in Figure 1b ) was evident in permissive strains (BALB/c, B10.A), and absent in resistant strains (N12, A/J). Interestingly, SPRET/EiJ mice were discordant, as they displayed very low spleen index despite active mycobacterial replication in this organ (Figure 1b) . DNA sequencing of the Nramp1 gene from M. spretus (SPRET/EiJ) mice revealed that it carries a resistance-associated G169 allele. 9 The increased replication of BCG in the spleen of SPRET/EiJ despite presence of a resistance Nramp1 G169 allele raised the possibility that additional genetic effects may modulate the Nramp1 G169 advantage in SPRET/EiJ. These were investigated in F1 and in informative F1 backcross generated between SPRET/EiJ (Sp, Nramp1 G169 ) and C57BL/6J (B6, Nramp1 D169 ). Because (Sp Â B6) F1 male mice are sterile, only (Sp Â B6) F1 female mice were used to produce (Sp Â B6) F1 Â B6 backcross progeny. F1 (n ¼ 9) and F1 Â B6 mice (n ¼ 175) were phenotyped for susceptibility to M. bovis (BCG) infection. As shown in Figure 1a , (Sp Â B6) F1 also showed intermediate levels of permissiveness, although they were statistically more resistant than spretus parental controls (P-value 0.0069). Spleen CFU counts in the (Sp Â B6) F1 Â B6 backcross animals showed a continuous distribution between those seen in susceptible (B10.A, BALB/cJ) and resistant (A/J, N12) controls, suggesting a quantitative trait amenable to study by quantitative trait loci (QTL) mapping. A whole-genome scan was conducted in 175 (Sp Â B6) F1 Â B6 backcross mice using spleen M. bovis (BCG) bacterial load as a quantitative phenotype, and using 159 informative markers distributed along 19 autosomes and the X chromosome (average coverage of B10 cM) ( Table 1) . 
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The largest gap was estimated at approximately 25.1 cM for distal Chr. 8. The high density of markers allowed us to detect the presence of transmission ratio distortion (TRD) in female mice encompassing a 40 cM region on chromosome 2, located between the markers D2Mit151 and D2Mit395. The presence of TRD can mislead the identification of QTLs, particularly when the putative QTL is hypothetized to lie between two flanking markers. To circumvent this, linkage analysis was performed by regression at the markers. Given the density of markers used, we considered this does not represent a problem. Preliminary single-point linkage analysis in male and female mice together provided evidence of linkage to Nramp1 at marker D1Mcg4 (logarithm of the odds (LOD) score of 29.4). Having observed sex-genotype interaction affecting bacterial load together with presence of TRD in female mice, the analysis was carried out separately in female mice (n ¼ 93) and in male mice (n ¼ 82). From the statistical analysis for BCG replication in spleen, the most parsimonious models for each sex are shown in Table 2 . The analysis shows some similarities in both sexes:
Nramp1 is the major player, with LOD scores of 16.6 for male and 18.8 for female mice, and variation explained by the model is also similar at B51% for both sexes. However, the genetic architecture for male and female mice was different. Possible modifiers of Nramp1 (contributing each an estimated 10% of phenotypic variation) were detected on proximal Chr. 4 (D4Mit150, P ¼ 3.4 Â 10
À3
) and the central portion of Chr. X (DXMit249, P ¼ 5.4 Â 10
) in male mice. In female mice, two QTLs were detected on central Chr. 9 (D9Mit77, P ¼ 8.0 Â 10
À4
) and proximal Chr. 17 (D17Mit81, 6.2 Â 10 À3 ) whose contribution on the observed variation was 14 and 8%, respectively. The experimental data sets were reanalyzed to detect pairwise interactions (epistasis) by examining all combinations of marker loci for association with spleen CFU counts. The QTLs and their positions in the genome are listed in Table 2 . This analysis allowed us to identify one interaction between two QTLs impacting BCG replication in the spleen of female mice (D1Mcg4 and D17Mit81) ( Table 2 ). Both of these loci had a detectable individual effect.
The protective effect of the Nramp1 G169 allele on susceptibility to mycobacterial infections can be modulated by the action of modifier loci. We have recently shown that the protective Nramp1 effect on M. bovis (BCG) infection can be modulated by a loss-of-function mutation in the transcription factor Icsbp1/IRF-8. 13 Here, we have mapped several QTLs in male (Chrs. 4 and X) and in female mice (Chrs. 9 and 17) that, in addition to Nramp 1, modulate resistance to M. bovis (BCG) infection Genomic DNA was prepared from tail biopsies by incubation with Proteinase K followed by phenol/chloroform extraction and precipitation with isopropanol. Microsatellite markers (total of 159, approximate 10 cM genome coverage) informative for C57BL/ 6J and SPRET/EiJ (www-genome.wi.mit.edu/cgi-bin/mouse/ index) were purchased from Research Genetics (Huntsville, AL, USA) or in the case of D1Mcg4 (Nramp1), and D12nds2 were synthesized in-house. Genotypes for the simple sequence length polymorphisms (SSLPs) were determined by standard PCR-based method using either trace amount of [ 32 P]a-dATP, followed by separation on denaturing polyacrylamide gels as described previously, 19 or primer pairs fluorescently labeled by Applied Biosystems (Foster City, CA, USA), and analyzed by capillary separation using an ABI prism 3700 automated DNA sequencer. Data were collected and analyzed using the GeneScan 3.5 software package, and were visualized using Genotyper 3.6 software (Applied Biosystems, Foster City, CA, USA). is defined as (SSfactor)/(SSfactor+SSerror) where SSfactor is the type-3 sum of squares attributable to the term under consideration and SSerror is the sum of squares associated to the experimental error. One-and two-loci linkage analysis was carried out with Rqt1. 20 The results from this analysis were used to construct a design matrix to be used with the R-package leaps 21 for model selection. Type-3 sum of squares were computed for the model suggested by leaps with the P-value of each term in the model obtained by resampling (10 000 bootstrapped samples).
Genetic control of susceptibility to Mycobacterium bovis K Turcotte et al in wild-derived M. spretus. This type of genetic control is reminiscent of that described for bacterial persistence in a chronic infection model with Salmonella enteritidis.
22
These studies identified a major effect of Nramp1 alleles (identified as Ses1), but also showed a complex genderspecific architecture for this genetic trait in (B6 Â 129S6) F2 mice, with several sex-specific QTLs. Of note, the Chr. 4 QTL (D4Mit150) identified herein as modulating M. bovis (BCG) replication in the spleen of (Sp Â B6) F1 Â B6 mice overlaps the Ses8 locus (D4Mit2) affecting S. enteritidis persistence in the spleen, and shows the same male-specific effect. The independent detection of this Chr. 4 QTL in M. bovis (BCG) and S. enteritidis infection models suggest that the underlying gene plays an important role in host defences against intracellular pathogens. Although this Chr. 4 region contains many candidates, a mitogen-activated protein kinase subunit (Map3k7), one of the subunits of the vacuolar H þ / ATPase (Atp6v0d2), and interferon kappa precursor (Ifnk) may all be considered as potential positional candidates. The Chr. 17 QTL detected herein overlaps the major histocompatibility locus, a region that contains many genes regulating early (innate) and late phase (acquired immunity) of host response to infection with mycobacteria including M. bovis (BCG) (herein), and M. tuberculosis. 23, 24 The effect of Chr. 17 on host response to M. tuberculosis has recently been attributed to a functional polymorphism in the tumor necrosis factor-a gene, 25 suggesting a possible modifying effect of this pleitropic proinflammatory cytokine on Nramp1-mediated resistance.
Finally, the identified QTLs may represent valuable entry points for the parallel search for susceptibility loci in humans that may influence susceptibility to bacterial infections, and that may be identified in association or linkage studies.
